The Arp2/3 3 complex, a seven-subunit protein complex that includes actin-related proteins Arp2 and Arp3 and five accessory proteins, is a key generator of actin filament (F-actin) networks in most eukaryotic cells. F-actin networks assembled by the Arp2/3 complex drive membrane dynamics at the leading edge of migrating cells, at endocytic cups, and at moving endosomes (1) . The complex generates F-actin networks by binding to the side of existing actin "mother" filaments and nucleating new branched "daughter" filaments (2, 3) . Consistent with a role of Arp2/3 complex in driving actin-dependent cell processes, dysregulation of the complex is associated with diseases such as immune cell disorders and cancer metastasis (4) .
The coupling of signaling networks and extracellular cues to activation of the Arp2/3 complex and actin polymerization has been well studied. The complex is activated by binding to a mother filament (5) and by binding of nucleation-promoting factors (NPFs) that include members of the Wiskott-Aldrich syndrome protein (WASP) and SCAR/WASP and Verprolin homologous protein (WAVE) families, which are activated by the Rho family GTPases Cdc42 and Rac (1) . A current view is that binding of a mother filament, an activated NPF, and ATP induces conformational changes in the orientation of subunits in the Arp2/3 complex whereby realignment of the Arp2 and Arp3 subunits mimics the short pitch of an actin dimer (6, 7) to facilitate rapid F-actin assembly. However, we recently showed that NPF binding is not sufficient for activating the complex and that phosphorylation of the Arp2 subunit at either Thr-237/238 or Tyr-202 (human sequence) is also necessary (8) . We further showed that phosphorylation of Arp2 induces a reorientation of Arp2 relative to Arp3 by destabilizing a network of salt bridge interactions at the interface of the Arp2, Arp3, and ARPC4 subunits (9) . These findings suggest a new view of how the complex is regulated and indicate that it is a coincidence detector requiring both NPF binding and phosphorylation of Arp2 for activation in response to extracellular cues.
The Arp2 phosphorylation sites are conserved from yeasts to mammals. The importance of these sites for NPF-induced F-ac-tin assembly was confirmed biochemically using purified Arp2/3 complex from Acanthamoeba castellani and bovine brain (8) and recombinant wild-type and phosphorylation mutant human Arp2/3 complex (9) . Their significance for membrane protrusion was also confirmed using wild-type and mutant Arp2 in Drosophila S2 cells (8) . However, their functional significance for a complex cell behavior like directional migration has not been reported. In the current study, we asked whether the identified Arp2 phosphorylation is necessary for chemotaxis of Dictyostelium cells. Dictyostelium is a useful and well established model system to study regulated actin cytoskeleton dynamics. As in other organisms, the Arp2/3 complex in Dictyostelium is required for F-actin assembly in processes such as macropinocytosis, phagocytosis, and chemotaxis (10) . The Arp2 gene is essential for Dictyostelium growth (11) , and altering the Arp2 subunit by adding a GFP tag impairs chemoattractant-induced actin polymerization (12) , confirming that the Arp2/3 complex serves as a major actin nucleator in Dictyostelium as in other organisms. We found that cells expressing a mutant Arp2 with alanine substitutions for Thr-235/236 and a phenylalanine substitution for Tyr-200 developed poorly and chemotaxed to cAMP inefficiently, including being less polarized and having decreased speed of movement. However, when undeveloped cells were constrained by a layer of agarose, these defects were broadly reversed, demonstrating that the mutant Arp2 retains some wild-type protein functions. Our findings reveal different regulatory mechanisms for Arp2/3 complex activity for distinct cell behaviors.
EXPERIMENTAL PROCEDURES

Generation of Arp2 Mutant Constructs-The Dictyostelium
Arp2 residues that are orthologous to the sites of phosphorylation in A. castellani Arp2 and conserved throughout eukaryotes are Tyr-200, Thr-235, and Thr-236. We used PCR-based sitespecific mutagenesis to alter the encoded amino acids to nonphosphorylatable residues as follows: T235A/T236A double mutant was created, and Y200F was then created in this to give the triple non-phosphorylatable mutant. These mutant alleles as well as a wild-type allele also encoded an amino-terminal Myc epitope for confirmation of their expression by Western blot.
The PCR primers used are detailed in supplemental Table S1 . For the mutant alleles, after making the two separate 5Ј and 3Ј regions by PCR, they were used as dual templates to make the full-length construct by fusion PCR using primers DdArp2-Myc-fwd and DdArp2-Not1-rev. Full-length products were cloned into pCR-Blunt-TOPO (Invitrogen) and sequenced. Inserts were removed using BamHI-NotI and inserted into the backbone of the extrachromosomal vector pRHI76 that had been cut with BglII-NotI. The resulting plasmids containing the myc-arpB alleles were named pJSK19 (WT), pMZ106 (T235A/ T236A), and pMZ107 (Y200F/T235A/T236A).
Parasexual Replacement of Endogenous arp2 with myc-arp2 Alleles-The diploid strain DJK45, which contains one WT copy of arpB and one copy disrupted by insertion of the blasticidin S resistance gene, was used as the parental strain. Plasmids pJSK19, pMZ106, and pMZ107 were individually transformed into DJK45 by electroporation using a BTX ECM399 electroporation system (Harvard Apparatus) set to 380 V. Transformants were grown in plastic dishes in HL5 medium with G418 (10 g/ml) until clones could be seen. These were harvested by dislodging with a pipette, and cells were then mixed with 0.2 ml culture of Klebsiella aerogenes and plated onto SM agar plates containing 2 g/ml thiabendazole. Individual clones appearing on these plates were repicked into axenic medium containing G418 and blasticidin (10 g/ml), and the thymidine/uracil auxotrophy of the cells was tested (diploids that came through the procedure were non-auxotrophic; haploid strains all turned out to be auxotrophic for thymidine as noted previously (11)). The Myc-Arp2 replacement strains were named Arp2 WTR (WT), Arp2 TϾA (T235A/T236A), and Arp2 TYϾAF (Y200F/T235A/T236A). Western blots for Arp2 and Myc were performed as described previously (11) .
cAMP Chemotaxis (Micropipette Assay and Under-agarose Assay)-For starvation, cells were harvested and washed with 20 mM phosphate buffer, pH 6.5 twice and resuspended at a density of 1 ϫ 10 7 cells/ml in the phosphate buffer. To induce cAMP signaling, cells were pulsed with 30 -60 nM cAMP every 6 min for 5 h. In some cases, cells were pulsed for 8 h. For the micropipette assay, developed cells were placed on the plate, and their migration toward cAMP delivered by a micropipette was recorded every 6 s for 30 min. Tracking of cell migration was done using the MultiTracker and Chemotaxis tool plugins for ImageJ, and statistics were analyzed using Prism software. For the cAMP under-agarose assay, pulsed cells were diluted to 2 ϫ 10 5 cells/ml in phosphate buffer, pipetted up and down to disaggregate any clumped cells, and placed in a well cut into a dish of 0.6% agarose containing 50 nM cAMP. Only cells competent to leave the well and migrate under the agarose can be studied in this assay. Cells were imaged with a 60ϫ 1.4 numeric aperture oil lens using differential interference contrast microscopy on a Nikon TE2000 microscope. Frames were captured every 2 s using a Q Imaging Retiga EXi Fast 1394 camera and Micromanager software. To determine pseudopod extension speed, a line was drawn through the extending pseudopod in ImageJ, the image stack was resliced to generate a kymograph, and the slope of this was measured.
In Vivo Actin Polymerization-Actin polymerization stimulated by exogenous 2 M cAMP was determined by measuring fluorescence of F-actin labeled with rhodamine-phalloidin as described previously (13) . The fluorescence intensity of rhodamine-phalloidin was measured using a SpectraMax M5 plate reader (GE Healthcare).
Development-To determine developmental phenotypes, cells were harvested and washed twice with 20 mM phosphate buffer, pH 6.5 and seeded on phosphate-buffered agar plates, and images of developing cells were taken at 0, 6, and 16 h. To test stream formation under buffer condition, the harvested cells were seeded at a density of 1 ϫ 10 6 cells/cm 2 in 6-well dishes containing 20 mM phosphate buffer, and the developmental phenotypes were recorded every 15 min for 12 h using an Axiovert S-100 microscope (Carl Zeiss).
Immunoblotting-Cell lysate preparation and immunoblotting were performed as described previously (13) . After starvation, cells were obtained at the indicated time of development. Blots were probed with anti-cAMP receptor 1 (cAR1) and anti-adenylyl cyclase A (ACA) antibodies, and signal was detected with enhanced chemiluminescence (Pierce). Rabbit anti-cAR1 and anti-ACA antibodies were generous gifts from P. Devreotes, Johns Hopkins University.
Detection of Arp2 Phosphorylation-Dictyostelium SCAR-VCA domain (amino acids 369 -443) was used to affinity enrich the Arp2/3 complex. The SCAR-VCA cDNA fragment was amplified using primers 5Ј-ggatccggtggaggtgcctctga-3Ј and 5Ј-ctcgagttaatcccaatcagaatca-3Ј by PCR and cloned in-frame into a BamHI/XhoI site of pGEX6P-2 vector. GST-fused SCAR-VCA was expressed in Escherichia coli BL21 cells and purified with glutathione-Sepharose beads (Pierce). The Arp2/3 complex from cell lysates of vegetative and 5-h-starved Arp2 WTR cells was purified using affinity chromatography with GST-SCAR-VCA immobilized beads. Affinity complexes were untreated or treated with YOP tyrosine phosphatase and -phosphatase (New England Biolabs) and separated by SDS-PAGE. Phosphorylation and Myc-tagged Arp2 subunit were detected by immunoblotting with anti-phosphotyrosine (Millipore), anti-phosphothreonine (Cell Signaling Technology), and anti-Myc antibodies.
Folate Chemotaxis-Vegetatively growing cells were harvested from HL5 dishes and transferred to a well cut into a dish of 0.5ϫ SM agar. 0.5 mg/ml folic acid was placed into a parallel well cut 1.5 cm away. Cells exiting the well and chemotaxing underneath the agar were filmed either at high magnification and frame rate (60ϫ differential interference contrast oil objective, 1-2 frames/s) to observe their detailed behavior or low magnification and frame rate (10ϫ phase objective, 2 frames/ min) to assess their directionality.
cAMP Chemotaxis (Insall Chamber)-Cells were allowed to develop on plastic dishes in 10 mM phosphate buffer, pH 6.5 containing 2 mM MgCl 2 and 1 mM CaCl 2 . To ensure all strains reached an equivalent stage of development before being used, they were filmed (10ϫ phase contrast, 1 frame/15 s) and harvested when synchronous movement was observed. cAMP chemotaxis assays using the Insall chemotaxis chamber were performed as described (14) .
Total Internal Reflection Fluorescence Microscopy-Cells were transfected with the plasmid pDM641 (co-expression vector for GFP-ARPC4 and LifeAct red fluorescent protein) and selected using hygromycin (50 g/ml) as described (15) . Transformants were observed using total internal reflection fluorescence microscopy as described (16) . To measure spot lifetimes, image stacks were opened in ImageJ and resliced so that spots appeared as continuous lines, which were directly measured using the Line tool. To measure spot generation frequency, images were converted to 8-bit, and the ImageJ plugin SpotTracker was used to enhance spots (using a 1.25-pixel-diameter threshold). Resultant image stacks were threshold-adjusted, and the Analyze Particles tool was used to identify all spots present that were between 4 and 40 square pixels in size. Spot generation rate was normalized for the previously calculated lifetimes.
Endocytosis-Uptake of membrane was measured using the lipophilic dye FM1-43 as described (17) .
RESULTS
Replacement of the Arp2 Gene with Phosphorylation-deficient
Mutants-To explore the role of phosphorylation in Arp2 function, we replaced the Dictyostelium arpB gene with alleles encoding unphosphorylatable mutants. Because Arp2 is essential for viability, we used the established diploid system (11) (Fig. 1) . Briefly, a heterozygote with one wild-type and one knocked out copy of arpB was transfected with an extrachromosomal vector encoding Myc-tagged wild-type Arp2 or mutant Arp2 lacking identified phosphorylation sites. Transformants were segregated to form haploids. Clones inheriting a genomic arpB knock-out rescued by the Myc-tagged extrachromosomal copy were recognized by loss of the smaller, untagged Arp2 (Fig. 1B) . We obtained clones containing the replacement arpB alleles and named these strains Arp2 WTR (arpB Ϫ rescued with wild-type arpB), Arp2 TϾA (Arp2 double mutant containing T235A/T236A substitutions), and Arp2 TYϾAF (Arp2 triple mutant containing T235A/T236A and Y200F). The growth rates of the strains were comparable (doubling time in shaking axenic culture ranging between 14 and 18 h in different experiments), although all replacements grew FIGURE 1. Replacement of endogenous arpB by mutant alleles. A, the parent diploid strain DJK45 carries one intact copy of arpB (on chromosome 2) and a second copy that has been disrupted by insertion of the blasticidin S resistance (BSR) gene. DJK45 is also heterozygous for Thy and Ura by virtue of having the endogenous ura locus completely disrupted and one copy of the thy locus disrupted by insertion of the ura locus into it (on chromosome 3). Therefore, haploid replacements must be auxotrophic either for Thy or Ura and be blasticidin-and G418-resistant (11) . B, Western blots probed with antiMyc and anti-Arp2 show that the three replacement strains carry only the introduced epitope-tagged version of Arp2 and no endogenous Arp2. more slowly than unaltered Ax3 cells (average doubling time, 10.5 h). All replacement strains were also able to grow on bacterial plates. Cell size was not altered in the replacement strains: for cells growing in axenic medium on plastic dishes, mean cell sizes were10.3 (Ax3), 10.2 (Arp2 WTR ), 9.7 (Arp2 TϾA ), and 10.0 m (Arp2   TYϾAF   ) . By comparison, mutants in the SCAR complex become substantially smaller (18) . These results demonstrate that phosphorylation on Tyr-200, Thr-235, and Thr-236 is not essential for the role of Arp2 in cell viability. These data also imply that Arp2 unphosphorylatable mutations do not affect structural integrity of the Arp2/3 complex because Arp2 is essential for Dictyostelium growth (11) . This is consistent with our previous data that recombinant human Arp2/3 complex with an unphosphorylatable Arp2 mutant is assembled correctly with unchanged subunit stoichiometry but reduced actin nucleating activity (9) .
Chemotaxis toward cAMP Is Impaired in Arp2 TYϾAF CellsBecause of the importance of the Arp2/3 complex in cell migration, we tested chemotaxis of Arp2 mutant cells toward cAMP. Cells were developed by stimulating with cAMP every 6 min for 5 h after which chemotaxis toward a point source of cAMP was measured by live cell videomicroscopy. Arp2
WTR cells acquired an elongated morphology in response to cAMP and migrated at a speed of 7.78 Ϯ 2.44 m/min with a directionality of 0.94 Ϯ 0.05 (Fig. 2 , A-C, and supplemental Movie 1), which was not significantly different from Ax3 cells (supplemental Fig. S1 ). The morphology, speed, and directionality of Arp2 TϾA were also similar to Arp2 WTR (Fig. 2 , A-C, and supplemental Movie 2). However, most Arp2 TYϾAF cells failed to adopt an elongated morphology and migrated at a significantly slower speed of 4.62 Ϯ 2.13 m/min and more randomly as indicated by a reduced and greatly variable directionality of 0.82 Ϯ 0.14 ( Fig. 2 , A-C, and supplemental Movie 3). Scoring morphological roundness as an index of polarity revealed that Arp2 TYϾAF cells were less polarized (76.6 Ϯ 8.12%) compared with Arp2 WTR (54.0 Ϯ 11.2%) and Arp2 TϾA cells (53.8 Ϯ 10.6%) (Fig. 2D ). Impaired chemotaxis of Arp2 TYϾAF cells but not Arp2 TϾA cells suggests that phosphorylation of Arp2 at either threonines or tyrosine is necessary for full function, although the effects are less severe than the loss of Arp2/3 complex activity reported for A. castellani, Drosophila (8) , and human (9) cells.
Consistent with impaired chemotaxis and polarity toward a gradient of cAMP, Arp2
TYϾAF cells had attenuated de novo assembly of F-actin in response to a uniform concentration of 2 M cAMP. Arp2
WTR and Arp2 TϾA cells had a characteristic biphasic increase in F-actin with a 1.91-fold increase over basal at 4 s in the first phase and a 1.46-fold increase at 30 s in the second phase (Fig. 3 ) similar to Ax3 cells (supplemental Fig. S2 ).
In response to cAMP, the kinetics, -fold increase, and total F-actin in Arp2 TYϾAF cells were markedly different compared with Arp2
WTR cells (Fig. 3) . The first phase was prolonged, and the second phase was nearly absent. Although total F-actin did increase in Arp2 TYϾAF cells, the maximal abundance in the first phase was significantly less than in Ax3, Arp2 WTR , and Arp2 TϾA cells. Hence, in response to cAMP, developed Arp2 TYϾAF cells showed reduced chemotaxis, adopted a less polarized morphology, and had attenuated F-actin abundance.
Arp2 TYϾAF Cells Have Delayed Development-We next asked whether impaired chemotaxis of Arp2 TYϾAF cells could in part be due to delayed development. Upon starvation, Dictyostelium cells undergo a developmental program that includes expression of genes necessary for chemotactic competence to cAMP, promoting cell aggregation and the formation of multicellular fruiting bodies. On non-nutrient agar plates, starved Arp2 WTR cells formed streams and an aggregation center at 6 h, and they culminated into fruiting bodies at 16 h (Fig.  4A) . In contrast, although Arp2 TYϾAF cells formed small aggregates, streams were not visible at 6 h, and aberrant, small fruiting bodies formed at 16 h. Development of Arp2 TYϾAF cells was more markedly impaired under the more stringent condition of being submerged in non-nutrient buffer. Arp2 WTR and Arp2 TϾA cells formed streams at 8 h and tight aggregates at 20 h ( Fig. 4B and supplemental Movies 4 and 5). Arp2
TYϾAF cells failed to aggregate at 8 h and had formed only a few small, loose aggregates at 20 h (Fig. 4B and supplemental Movie 6) .
Starvation-induced expression of cAR1 and ACA, which produces cAMP, was delayed and attenuated in Arp2 TYϾAF (Fig. 4C) . Immunoblotting cell lysates revealed that ACA and cAR1 expression in Arp2 WTR (Fig. 4C) and Arp2 TϾA cells (data not shown) rapidly increased at 4 h, and this increased level was sustained at 8 h. In contrast, their expression in Arp2 TYϾAF cells gradually increased until 8 h, and the abundance was markedly less. Quantitative analysis showed that at 4 and 6 h the average abundance of ACA and cAR1 in Arp2 TYϾAF was significantly less than in Arp2 WTR cells (p Ͻ 0.05; n ϭ 3) (Fig. 4D ). Immunoblotting the replaced copy of Arp2 with anti-Myc antibodies indicated similar expression in Arp2 WTR and Arp2 TYϾAF cells (Fig. 4C) that was unchanged at 14 h of starvation (data not shown). These data clearly, and unexpectedly, show that Arp2 phosphorylation is important for normal development.
Tyrosine Phosphorylation of Arp2 Increases during Development-We next asked whether Arp2 phosphorylation changes during development. Arp2/3 complex in lysates from vegetative and 5-h-developed cells was affinity-enriched using GST-fused SCAR-VCA domain, and phosphorylation was determined by immunoblotting with phosphotyrosine-or phosphothreonine-specific antibodies. Myc-tagged Arp2 was pulled down by GST-SCAR-VCA but not GST alone (data not shown). Tyrosine phosphorylation of Arp2 was not detected in vegetative cells, but a strong signal was observed in developed cells (Fig. 5) . In contrast, threonine phosphorylation of Arp2 was seen in vegetative cells, but the abundance did not change in developed cells (Fig. 5) . Specificity of the phosphotyrosine and phosphothreonine signal was confirmed by absence of labeling in SCAR-VCA complexes treated with YOP and -phosphatases, respectively (Fig. 5) . These data confirm that native Arp2 in cells is phosphorylated on tyrosine and threonine residues, but only tyrosine phosphorylation increases in developed cells.
Longer TYϾAF cells could restore chemotaxis, scoring for migration trajectory toward cAMP and cell morphology (Fig.  6A) . Although ACA and cAR1 expression in Arp2 TYϾAF cells was attenuated because the abundance of ACA and cAR1 at 8 h was ϳ80% of that of Arp2 WTR cells at 4 h (Fig. 4D) , we used cells starved for 8 h. To visualize chemotactic behavior over time, we plotted the trajectory of cells migrating toward the cAMP source for 20 min. Longer development increased migration of both Arp2 WTR and Arp2 TYϾAF cells (Fig. 6A) . Further analysis of these data indicated that Arp2
WTR cells developed for 8 h had significantly increased chemotaxis speed compared with 5-h development ( Fig. 6B ) with no change in directionality (Fig.  6C) . Arp2
WTR cells developed for 8 h also had a more elongated morphology as indicated by significantly reduced roundness compared with Arp2 WTR cells developed for 5 h (Fig. 6D) . Longer development of Arp2 TYϾAF cells also increased chemotaxis speed to an average value that was similar to that of Arp2 WTR cells at 5 h but significantly less than that of Arp2 WTR cells at 8 h (Fig. 6B) . Although directionality of Arp2 TYϾAF cells at 8 h increased slightly, it was not significantly different from that of Arp2 TYϾAF cells at 5 h but was different from that of Arp2 WTR cells at 5 and 8 h (Fig. 6C ). There was also less variability in directionality of Arp2 TYϾAF cells at 8 h compared with 5 h. Longer development of Arp2 TYϾAF cells partially restored morphological polarity, although cells remained more round than 
Arp2 Phosphorylation in Dictyostelium Development
Arp2
WTR cells at 5 and 8 h (Fig. 6D) . The kinetics of actin polymerization and abundance of F-actin were not different in Arp2 WTR cells developed for 5 and 8 h (data not shown). Longer development of Arp2 TYϾAF cells partially restored the second phase but not the first phase of F-actin assembly in response to cAMP (Fig. 6E) showed a clear defect in pseudopod lifetime, which was reduced by roughly 40% compared with Arp2 WTR and Arp2 TϾA cells ( Fig. 7A and supplemental Movie 7). There was no defect in the instantaneous speed of pseudopod extension in either of the mutant Arp2 strains with Arp2
TϾA cells even showing pseudopod speed increased by 20 -30% compared with the other two strains (Fig. 7B) . The shorter lifetime of Arp2 TYϾAF pseudopods may reflect the reduced second phase of actin polymerization seen in these cells.
Vegetative Arp2 TYϾAF Cells Have Minor Defects in Folate Chemotaxis-The delayed development of Arp2
TYϾAF cells made it difficult to determine whether impaired chemotaxis was in part or entirely due to defective development. We therefore examined chemotaxis of vegetative cells up a gradient of folic acid using under-agarose assays (Fig. 8A and supplemental 
Movie 8). Under these conditions, Arp2
TYϾAF had minor defects in chemotactic behavior that were more modest than those described for cAMP chemotaxis (Fig. 8A (Fig.  8B) . Thus, the phosphorylation sites were not essential for the Arp2/3 complex function in vegetative cells using the underagarose chemotaxis assay, although there were small but clearly measurable defects in Arp2 TYϾAF cells. The under-agarose assay can mask a number of problems with migrating cells. For example, vegetative scar Ϫ cells are essentially nonmotile under liquid on a plastic surface but migrate at a substantial fraction of the speed of wild-type cells under agar due to a complex adhesion defect (20) . Thus, the behavior of Arp2 TYϾAF under agar implies that the fundamental mechanisms of pseudopod generation are intact, but the refinement and control are defective.
Vegetative Arp2 TYϾAF Cells Have Normal Clathrin BehaviorAs another index of Arp2/3 function in vegetative cells, we examined sites of clathrin-mediated endocytosis because the Arp2/3 complex is associated with these sites in Dictyostelium cells. We transfected the strains with a plasmid encoding both GFP-ARPC4 (to mark the Arp2/3 complex) and the F-actin marker LifeAct monomeric red fluorescent protein. Endocytic events were visualized in total internal reflection fluorescence microscopy as transient spots on the basal surface of the cell (supplemental Movie 9). The lifetime of the spots was assessed in the three Arp2 replacement strains as well as in Ax3 cells (Table 2 ). There was no significant difference in the GFP-ARPC4 spot lifetime for Ax3, Arp2 WTR , or Arp2 TYϾAF . The GFP-ARPC4 spot lifetime was significantly increased in the Arp2 TϾA cells. The frequency of endocytic spot generation (normalized for these lifetimes) was found to be equivalent in all strains, ϳ0.5-0.6 events/min/m 2 of surface area (data not shown). Despite the extended lifetime of Arp2
TϾA endocytic spots, we did not observe any significant difference in the rate of uptake of the lipophilic dye FM1-43 (a marker of membrane internalization; data not shown). This is perhaps not surprising because a clathrin mutant itself shows little disruption of dye uptake in such an assay (21) .
Analysis of Chemotaxis to cAMP in Arp2 TYϾAF Cells Free from Developmental Bias-To further investigate the apparent differences in chemotaxis of developed and vegetative Arp2 TYϾAF cells, we sought an unbiased method to determine efficiency of chemotaxis toward cAMP that would not be influenced by developmental factors. We plated the cells at high density onto plastic dishes in phosphate buffer with 2 mM MgCl 2 and 1 mM CaCl 2 . Cells were allowed to develop until they began to show synchronous movement. Under these conditions, Arp2
WTR and Arp2 TϾA cells developed at similar rates, but Arp2
TYϾAF cells took up to 5 h extra to reach the onset of streaming. Arp2
TYϾAF cells also showed defects in cell elongation and aggregation, which involved a high degree of cell collision rather than proper streaming. Nevertheless, cells were able to generate cAMP signals and undergo synchronous movement. At this stage, cells were harvested from the dishes and placed in an Insall chamber (14) in a gradient of cAMP. Their movement was then filmed over typically a 30-min period (supplemental Movie 10). The chemotactic parameters of the cells under these conditions are summarized in Fig. 9 and Table 3 . When all strains were allowed to reach an equivalent highly responsive state of development, their chemotaxis toward cAMP was more similar than when cells were taken at predetermined time points. Under these conditions, Arp2
TYϾAF cells showed little difference in total cell speed and directionality. However, they showed a significantly reduced speed of chemotaxis up the cAMP gradient. These data suggest a direct importance of Arp2 phosphorylation in chemotaxis of developed cells independent of delayed development.
DISCUSSION
Our findings reveal a role for Arp2 phosphorylation in selective cell functions recognized as requiring Arp2/3 complex activity. Mutations that prevent phosphorylation of Dictyostelium Arp2 Thr-235/236 and Tyr-200 do not disrupt complex assembly or endocytosis in vegetative cells and have only minor defects in chemotaxis to folate. However, development and cAMP chemotaxis are more markedly impaired, and the amount of stimulus-induced F-actin is attenuated. Impaired chemotaxis and F-actin assembly in response to cAMP by Arp2 TYϾAF cells but not Arp2 TϾA cells are consistent with previous findings that phosphorylation of Arp2 threonine or tyrosine sites functions as a logical or gate (8) , although in Dictyostelium some nucleating activity may be retained with loss of phosphorylation at these sites.
We recently showed that a network of salt bridge interactions at the interface of the Arp2, Arp3, and ARPC4 subunits hold the Arp2/3 complex in an inactive orientation and that phosphorylation of Arp2 destabilizes these interactions to induce an activation-competent state (9) . However, we cannot rule out the possibility of alternative mechanisms causing an activationcompetent state to explain why chemotaxis with folate and endocytosis are not as dramatically impaired in Arp2 TYϾAF cells. The reported phosphorylation of Arp3 (8), ARPC1 (8, 22) , and ARPC5 (23) subunits or an association with regulatory proteins like cortactin (24) might also generate conformational changes in the Arp2/3 complex that similarly promote NPFinduced nucleating activity. Whether distinct potencies of Arp2/3 complex nucleating activity are necessary for different actin-dependent processes remains unknown. Whether there are differences in F-actin dynamics between developed and vegetative Dictyostelium cells is an unresolved question that could be answered using the Arp2 TYϾAF replacement clone. Normal endocytosis by Arp2 TYϾAF cells could also reflect differences in the potency of Arp2/3 complex nucleating activity or the ability of different NPFs to stimulate activity of the complex. Although Arp2 phosphorylation is necessary for full nucleating activity of Arp2/3 complex with the NPFs SCAR and N-WASP, its role in activation of the complex by other NPFs remains undetermined. The NPF WASP and Scar homolog (WASH) for example is essential for exocytosis of indigestible material (25) , and WASP and Scar homolog (WASH) is predicted to act in concert with other types of actin nucleators, TYϾAF cells has no effect on F-actin abundance during the first phase but partially restores a second phase response. Data are means Ϯ S.E. (error bars) of three independent cell preparations. Lines are the mean value of cell behavior.
including formins (26) . There is also the possibility that in vegetative but not developed cells reduced activity of Arp2/3 complex may be compensated by other nucleators such as formins (27, 28) .
Our data also show a critical role for Arp2 phosphorylation in time-dependent development and a substantial increase in tyrosine phosphorylation in developed compared with vegetative cells. An important future direction is determining the signaling mechanism and likely tyrosine kinase regulating Arp2 phosphorylation during development. Delayed development of Arp2 TYϾAF cells is consistent with multicellular development requiring directed migration. However, previous work showed that replacement transformants with partial loss of function in p34-arc and Arp2 have normal timing of development despite having attenuated F-actin polymerization with delayed kinetics compared with wild-type cells (12) . Proper organization of actin cytoskeleton is necessary for cAMP signaling required for development (29) . Additionally, cells expressing an unphosphorylatable actin mutant (Y53A) have delayed development (29) and attenuated expression of cAR1 and ACA but normal vegetative growth rates and phagocytosis similar to what we observed in Arp2 TYϾAF cells. Mutant cells lacking the actin cross-linking proteins cortexillins I and II have severe defects in cAMP signaling required for early development of Dictyostelium (30) . Additionally, the Arp2/3 complex was recently shown to be important for vesicle trafficking (31, 32) . Further studies will be necessary to reveal precisely how Arp2 phosphorylation promotes Dictyostelium development.
Our data with the Insall chamber and with longer development of Arp2 TYϾAF suggest distinct roles for Arp2 phosphorylation independent of development, including chemotaxis speed and directionality, polarity, and the first phase of F-actin assembly in response to cAMP. Arp2 Phosphorylation in Dictyostelium Development levels in Arp2 WTR cells and partially restored the second phase but not the first phase of F-actin polymerization. However, other mutations of the Arp2/3 complex abolish both phases of the F-actin response (12) . One current view is that the second phase determines pseudopod extension and is dependent on phosphatidylinositol 3-kinase activity (33) . Longer development increases basal ACA activity and cAMP production (34) and rescues chemotaxis of phosphatidylinositol 3-kinase-null cells (35) . Thus, increased movement of 8-h-developed Arp2 TYϾAF cells could reflect partial recovery of pathways that regulate the second F-actin phase.
Coincidence detection requiring two or more regulatory inputs is an increasingly recognized signaling mode controlling cytoskeleton-associated proteins. N-WASP activity requires binding of Cdc42-GTP and either phosphatidylinositol 4,5-bisphosphate, profilin. or the adaptor protein Nck (36 -38) . Cofilin activity requires dephosphorylation of an amino-terminal serine and release from phosphatidylinositol 4,5-bisphosphate binding at the plasma membrane, the latter facilitated by deprotonation of His-133 with increased intracellular pH (39) . Our study suggests coincidence regulation for increased nucleating activity of the Arp2/3 complex that includes the well established binding of NPFs to the complex and the more recently identified phosphorylation of the Arp2 subunit.
During the completion of our study, two reports were published on Arp2/3-dependent directed cell migration using genetic ablation of specific Arp2/3 complex subunits that showed conflicting findings (40, 41) . Fibroblasts derived from Ink4a/Arf-deficient mice do not form lamellipodia but retain directional movement toward a growth factor chemoattractant (40) . In contrast, fibroblasts differentiated from embryonic stem cells isolated from mice with a targeted deletion of the ARPC3 gene also do not form lamellipodia, but they lack directional movement toward a growth factor chemoattractant (41) . Defective pseudopod persistence could explain why Arp2 TYϾAF cells showed different chemotactic ability between cAMP and folate because developed wild-type cells adopt a highly elongated morphology and exhibit stronger directional persistence to a cAMP gradient, but the incompatibility of these two studies mentioned above emphasizes that the role of Arp2/3 complex in migration is complex.
Overall, the requirement for Arp2 phosphorylation in some but not all of the predicted roles for Arp2/3 complex in Dictyostelium illustrates the underlying complexity of cell biological processes. Our work raises questions and identifies valuable tools for further study on the integration of multiple pathways, the mechanisms by which actin polymerization is regulated in different contexts, and the detailed roles of actin and Arp2/3 complex in normal cell behavior. 
